This study was performed to investigate the combined effect of dietary supplementation of gallic and linoleic acid (GL) on the antioxidative effect and quality of thigh meat from broilers. Broilers received 3 dietary treatments: i) commercial finisher diet (control), ii) 0.5% GL (gallic:linoleic acid = 1 M:1 M), and iii) 1.0% GL during the 22 to 36 d. The pH value of broiler thigh meat was increased by GL supplementation. Water holding capacity of the thigh meat was enhanced by the 1.0% dietary GL supplementation. Antioxidative effect (total phenolic content, DPPH radical scavenging activity, ABTS + reducing activity, reducing power, and TBARS value) in the thigh from the broilers improved significantly with 1.0% GL. Linoleic acid and docosahexaenoic acids were higher in the broilers fed both levels of dietary GL. However, volatile basic nitrogen content and microbiological quality was not shown to be different between control and treated group. Results indicate that 1.0% dietary supplementation of GL can improve the antioxidant activity of broiler thigh meat and may enhance the meat quality.
INTRODUCTION
Recently, there has been an increasing preference for foods that gratify palatability, nutrition, and physiologic functions to prevent aging and chronic diseases. Various studies are being made of functional foods and ingredients in academic and industrial circles (Kwon et al., 2010) . As the frequency of dine-out has increased all over the world, the consumption of fast foods and convenient meat products has increased rapidly, which implies a need for the production of functional fresh meat (Zhang et al., 2010) .
Polyunsaturated fatty acids (PUFAs) are considered as functional ingredients to prevent coronary heart diseases and other chronic diseases (Russo, 2009; Krauss et al., 2001) . In particular, linoleic acid (LA; ) is one of the essential fatty acid and the primary precursor of all n-6 PUFAs (Russo, 2009) . Also, it is a principal component of phospholipid that forms cell membrane and, at the same time, is a very important nutrient. It is converted into prostaglandin, a hormone that keeps tissues and cells steady-state, via fatty acids such as -linolenic acid, dihomo--linolenic acid, and arachidonic acid in the human body. For this reason, several studies had been conducted to increase the content in PUFAs in chickens and eggs by using dietary fat sources such as natural oil containing PUFAs and LA (Crespo and Esteve-Garcia, 2002; .
However, PUFAs are prone to oxidation since they are the first targets for free radical strike at initiating peroxidation (Scislowski et al., 2005) . Thus, PUFA-bearing foods cause lipid oxidation and as a result bring on off-odor, discoloration, textural change and nutritional deterioration. The intake of oxidized foods may cause damage to internal organs (Mielnik et al., 2006; Priscilla and Prince, 2009 ).
Accordingly, natural or synthetic antioxidants are used to minimize the oxidation of dietary lipid. Currently, the interest in natural antioxidants has increased because they are considered to be safer than the synthetic antioxidant, and have greater application potential for consumers' acceptability, palatability, stability, and shelf-life of meat products (Kang et al., 2008; Naveena et al., 2008; Park and Kim, 2008) .
Gallic acid (GA), representative natural antioxidants, is found in persimmon, wine, and herbs Hogan et al., 2009) . GA, a metabolite of propyl gallate, is known to possess several pharmacological and biological activities such as strong antioxidant, anti-carcinogenic, antimutagenic, anti-allergic, and anti-inflammatory (Schlesier at al., 2002; Jo et al., 2006) . Some studies reported that synthesized GA-LA had a strong biological activities, such as antioxidant, tyrosinase inhibition effect, and synergistic inhibition effect on cancer cell proliferation (in vitro) (Jo et al., 2006; Jang et al., 2008b) . In our previous study, Jung et al. (2010) indicated that the breast meat had been superior in antioxidant potential and functionality when GA and LA were added at 1% level in broiler's diet. Recently, Jung et al. (2011) reported that dietary supplementation of GA and LA mixture or their synthetic salt on layers increased PUFAs and decreased cholesterol level in egg yolk. The objective of this study was to investigate the physical and chemical properties, antioxidant activity, fatty acid composition and microbial population in the thigh meat of broilers when they were fed the combination of GA and LA in the diet.
MATERIALS AND METHODS

Animal and experimental design
A total of 90 d old chick male and female broilers (Ross strain) were obtained from a commercial hatchery. Broilers were randomly assigned to 9 pens under the standard condition of temperature, humidity, and ventilation, and 24 h fluorescent lighting for the entire experimental period. Broilers had ad libitum accessed to water and diet, and were fed a commercial broiler starter (0 to 6 d) and grower (7 to 21 d) diets. At the end of the wk 3, broilers were weighed and reassigned to 3 different dietary treatments based on the average weight. During the 22 to 36 d of the experimental period broilers were fed the following diets: i) The control diet (commercial finisher diet) contained approximately 20% of crude protein, 4% of crude fiber, 3,100 ME kcal/kg and was a typical commercial diet produced for broilers (Chunhajeil Feed Co., Daejeon, Korea) , ii) 0.5% GL (w/w, GA:LA = 1 M:1 M, equal molar ratio)+control, and iii) 1.0% GL+control. GA and LA were purchased from Yakuri Chemical Co. (Osaka, Japan) and Sigma-Aldrich Co. (St. Louis, MO, USA), respectively. Each treatment had three pens, each pen contained 10 broilers. At the end of the experimental period, d 36, 7 broilers from each pen were slaughtered in the research unit by the carotid amputation. The carcasses were removed of feathers, eviscerated, vacuum packed and were stored in a deep freezer at -50C until required for analysis.
Broilers care facilities and the procedures performed met or exceeded the standards established by the Committee for Accreditation of Laboratory Animal Care at Chungnam National University, Korea. The study was conducted in accordance with recommendations described in "The Guide for the Care and Use of Laboratory Animals" published by the institutional Animal Care and Use Committee (IACUC) of Chungnam National University.
Broiler meat quality
The frozen broiler carcasses were thawed in a refrigerated condition (4C) for 48 h. The thigh meat was collected from leg meat except for drum-stick.
pH
Sample (1 g) and 9 ml of deionized distilled water (DDW) were homogenized for 15 s using homogenizer (T25b, Ika Works (Asia), Sdn, Bhd, Malaysia). After filtration using filter paper (No. 4, Whatman Ltd., Kent, UK), pH were measured using a pH meter (SevenGo, Mettler-Toledo Int. Inc., Schwerzenbach, Switzerland).
Water holding capacity
Water holding capacity of thigh meat of broiler was measured by the method of Jung et al. (2010) . One gram of the minced thigh meat of broiler was placed on a round filter paper (No.4, Whatman Ltd. Kent, UK). The filter paper with meat was placed into centrifuge tube and the tube was centrifuged (CR 20B2, Hitachi Koki Co., Ltd. Fukuoka, Japan) at 6,710g for 10 min. The released water absorbed into the filter paper was weighed and calculated as a percentage of the initial moisture of meat.
Measurement of antioxidant potential
The meat sample was treated following the method described by Jung et al. (2010) for measurement of antioxidant potential. Thigh meat of broiler (3 g) were homogenized (T25b, Ika Works (Asia)., Sdn, Bhd, Malaysia) in 15 ml of DDW at 1,130g for 1 min. Chloroform (10 ml) was added to the homogenates and the mixture was shaken vigorously 2 to 3 times. Lipids and the aqueous supernatant were separated by centrifugation (Union 32R, Hanil Co., Ltd., Inchun, Korea) at 2,090g for 15 min. After removing lipid layer, The supernatant was used for the measurement of total phenolic content, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity, 2,2-azinobis-(3 ethylbenzothiazoline-6-sulfonic acid) (ABTS + ) reducing activity and reducing power.
Total phenolic content
Total phenolic content was estimated by the FolinCiocalteu method (Subramanian et al., 1965) . A 0.1 ml aliquot was added to the Folin-Ciocalteu reagent (0.2 ml), followed by the addition of 3 ml sodium carbonate solution (5%). The reaction mixture was vortexed and the absorbance was measured with a UV/VIS spectrophotometer (DU 530, Beckman Instruments Inc., Fullerton, CA, USA) at 765 nm after incubation for 1 h at 23C. The quantification of phenolics was based on the standard curve generated with the use of gallic acid, and expressed as gallic acid equivalent.
DPPH radical scavenging activity DPPH radical scavenging activity was estimated according to the method of Blois (1958) with slight modifications. A 200 l aliquot was added to 800 l DDW and 1 ml methanolic DPPH solution (0.2 mM). The mixture was vortexed and left to stand at room temperature (20 to 22C) for 30 min. A tube containing 1 ml of DDW and 1 ml of methanolic DPPH solution (0.2 mM) served as the control. The absorbance of the solution was measured at 517 nm using a UV/VIS spectrophotometer (DU 530, Beckman Instruments Inc., Fullerton, CA, USA). The percentage of DPPH radical scavenging was obtained from the following equation:
Where A 0 is the absorbance of the blank and A 1 is the absorbance of the sample.
ABTS
+ reducing activity ABTS + reducing activity was determined as the method described by Erel (2004) . ABTS was dissolved in distilled water to a 7 mM concentration. The ABTS radical cation was produced by acting the ABTS stock solution with 2.45 mM potassium persulfate (final concentration) in the dark at room temperature for 12 to 16 h to allow the completion of radical generation. This solution was then diluted with ethanol so that its absorbance was adjusted to 0.700.02 at 734 nm. The diluted ABTS + solution (3 ml) were added to 20 l aqueous supernatant and the absorbance was measured by a UV/VIS spectrophotometer (DU 530, Beckman Instruments Inc., Fullerton, CA, USA) at 734 nm using ethanol as a blank. The percentage inhibition was calculated by the following equation:
Where A 0 is the absorbance of the control and A 1 is the absorbance of the sample.
Reducing power
The reducing power was determined according to the method of Oyaizu (1986) . A 200 l aliquot was mixed with 500 l sodium phosphate buffer (0.2 M, pH 6.6) and 500 l potassium ferricyanide (1%), and the resultant mixture was incubated at 50C for 20 min. After addition of 2.5 ml trichloroacetic acid (TCA, (10%)), the mixture was centrifuged (Union 32R, Hanil Co., Ltd., Inchun, Korea) at 2,200g for 10 min. The upper layer (500 l) was mixed with 500 l distilled water and 100 l ferric chloride (0.1%), and the absorbance was measured at 700 nm using a spectrophotometer (DU 530, Beckman Instruments Inc., Fullerton, CA, USA): higher absorbance indicates higher reducing power.
2-Thiobarbituric acid-reactive substances (TBARS) value
Each meat sample (5 g) in 15 ml DDW was homogenized (Ika Works) at 1,130g for 1 min. Sample homogenate (1 ml) was transferred to a test tube and lipid oxidation was determined as the TBARS value by using the method described by Ahn et al. (1999) . Briefly, 50 l butylated hydroxyanisol (7.2%) and 2 ml TBA/TCA solution (20 mM TBA in 15% TCA) were added to the test tube. Tubes were heated (90C) in a boiling water bath for 30 min, cooled, and then centrifuged (Union 32R, Hanil Co., Ltd., Inchun, Korea) at 2,090g for 15 min. Absorbance of the supernatant was measured at 532 nm with a UV/VIS spectrophotometer (DU 530, Beckman Instruments Inc., Fullerton, CA, USA). TBARS value was reported as mg malondialdehyde per kg meat.
Fatty acid composition
Total lipid of thigh meat was extracted by using chloroform-methanol (2:1, v/v) according to the procedure of Folch et al. (1957) . The fatty acid methyl esters were prepared from the extracted lipids with BF 3 -methanol (Sigma-Aldrich). The fatty acid methyl esters were, then, separated on a gas chromatograph (Agillent GC 6890N, Palo Alto, CA, USA) equipped with a mass selective detector (MSD). A split inlet (split ratio, 50:1) was used to inject samples into a HP-5MS capillary column (30 m0.25 mm0.25 m), and ramped oven temperature was used (150C for 3 min, increased to 180C at 2.5C/min and maintained for 5 min, then increased to 220C at 2.5C/min and maintained for 25 min). Inlet temperature was 210C. Helium was the carrier gas at constant flow of 0.7 ml/min. The temperature of the mass spectrometer (MS) source, MS quadrupole, and the transfer line into the MS were 230, 150, and 280C respectively. The fatty acid composition was identified by a mass spectrum database (NIST Library, mass spectral search program, version 5.0, Ringoes, NJ, USA).
Volatile basic nitrogen (VBN)
Measurement of VBN in the thigh meat of broiler was done according to Conway (1950) . Each meat sample (3 g) was homogenized for 1 min with 3 ml distilled water and 6 ml TCA (10%), and then centrifuged (Union 32R, Hanil Co., Ltd., Inchun, Korea) at 2,090g for 15 min. The supernatant was filtered using a filter paper (No. 4, Whatman) , and the filtrate was placed in a test tube and made up to a final volume of 30 ml with 5% TCA. A 1 ml of 0.01 N boric acid as a VBN absorber was placed in the inner section of a Conway micro-diffusion cell (Sibata Ltd. Tokyo, Japan). A 1 ml sample solution and 1 ml saturated K 2 CO 3 was also placed into the outer section of the same cell and the lid was immediately closed. A 5% TCA solution was used as blank. The cell was incubated at 37C for 120 min, and then titrated against 0.02 N sulfuric acid. The concentration of VBN was calculated as ammonia equivalent using the following equation:
VBN value (mg %) = (0.28(titration volume of sample solution -titration volume of blank)10)100
Microbiological analysis
Media for the enumeration of the total aerobic bacteria were prepared by tryptic soy agar (Difco Laboratories, Detroit, MI, US; PCA) to provide the optimum conditions for the growth of halophiles. The thigh meat (10 g) with 90 ml saline solution (0.85%, NaCl) was homogenized for 2 min using a stomacher homogenizer (BagMixer 400, Interscience, Paris, France) and the homogenate was serially diluted 10-fold with saline solution. Each diluent (100 l) was spread in triplicate on each agar plate and the plate was incubated at 37C for 24 h. Colony forming units (CFU) per gram were counted, at a dilution giving 30 to 300 CFU per plate.
Statistical analysis
A total 9 pens with 7 broilers per each pen were used for this experiment with 3 replications for each treatment. Analysis of variance was performed using the raw data, and the mean values and standard errors of the means (SEM) were calculated by the Statistical Analysis System (SAS, 2000) . Differences among the means were determined by the Duncan's multiple range test with a significance defined at 5% level.
RESULTS AND DISCUSSIONS
pH and water holding capacity (WHC)
The ultimate pH of postmortem muscle is very important due to the positive correlation with WHC during the conversion of muscle to meat (Bee et al., 2007) . Table 1 shows pH and WHC of the thigh meat from the broiler fed the dietary GL. The results showed that pH became significantly higher in thigh meat from the broiler fed the 1.0% dietary GL compared to those of both control and 0.5% dietary GL treatment (Table 1) . It indicated that the pH decline of thigh meat postmortem was reduced by 1.0% dietary GL. Jang et al. (2008a) reported that the pH of breast meat from broilers fed medicinal herb extract mix was higher than that of control. Olivo et al. (2001) suggested that the occurrence of PSE chicken could be suppressed with reduction of pH decline at postmortem by dietary antioxidant. This result may be related to the increase of phenolic content in thigh meat from the broiler fed the 1.0% dietary GL (Table 1) . Similarly, WHC of the thigh meat from broilers were significantly increased by the 1.0% dietary GL treatment when compared with control and 0.5% dietary GL treatment. Huff-Lonergan and Lonergan (2005) reported that WHC is not only influenced by the pH but also postmortem proteolysis which begun with the activation -calpain, that may inactivated by oxidation. Previous studies have indicated that antioxidants in meat can affect the proteolysis (Rowe et al., 2004) .
Antioxidant potential
Antioxidant potential is the basic physiological role of functional foods. Highly reactive free radicals in biological systems may oxidize nucleic acids, proteins or lipids, and can initiate degenerative disease. To reduce the incidence of chronic disease, including heart disease and some cancers, the antioxidant potential is the main factor underlying efficacy of the foods (Choi et al., 2011) . Several analyses were conducted to evaluate antioxidant potential (Table 2) and total phenolic content (Table 1) of the thigh meat fed GL.
Total phenolic content indicated 1.00 mg gallic acid equivalent/g of thigh meat in the control group. In dietary GL group, however, it indicated 1.12 to 1.15 mg gallic acid equivalnt/g (Table 1 ). Thus, total phenolic content was higher in the thigh meat fed GL than that in the control. Jung et al. (2010) also found that dietary GA with LA increased the total phenolic content of breast meat from broiler since GA is a natural polyphenol . Previous studies reported that total phenolic contents in breast and thigh meat of broilers fed medicinal herb extract mix containing polyphenols were higher than those of control (Jang et al., 2008a; Jo et al., 2009) , which is consistent with the present study. Nagendra Prasad et al. (2009) suggested that polyphenol content showed high correlation with total antioxidant capacity (R 2 = 0.98). DPPH is a widely used method for estimating the antioxidant activity. A solution of DPPH, stable free radical, is mixed with an antioxidant that can donate a hydrogen atom to form a stable DPPH-H molecule. Then this reduced form is visualized by the loss of violet color (Molyneux, 2004) . The DPPH radical scavenging activity of the thigh meat from broilers fed 0.5% and 1.0% dietary GL was significantly higher than that of the control. In control, DPPH radical scavenging activity was lowered from 57.61% to 37.70% during the storage period. There were the same trend in the thigh meat fed GL but the difference between GL-treated and control was present during storage. In the previous study, the DPPH radical scavenging activity of GA showed 4-folds higher than that of tocopherol .
The ABTS, which is a stable free radical cation applicable to both lipophilic and hydrophilic antioxidants, has been used to measure total antioxidant activity . The ABTS radical reducing activity of thigh meat from broilers fed 0.5% and 1.0% dietary GL were significantly greater than that of the control. The ABTS radical reducing activity, measured during the storage period. However, dietary GL did not show significant differences. Jo et al. (2009) reported that broilers fed medicinal herb extract mix showed higher ABTS radical reducing activity than control.
The changes of reducing power in thigh meat from the broiler fed the dietary GL was shown Table 2 . In this assay, the yellow color of the test solution changes to various shades of green and blue, depending on reducing power. The presence of reducers, such as antioxidants, causes the reduction of the Fe 3+ /ferricyanide complex to the ferrous form. Therefore, measuring the formation of Perl's Prussian blue at 700 nm can monitor the Fe 2+ concentration . The reducing power of thigh meat indicated 0.466 and 0.544 in the control and 0.5% dietary GL, respectively. The 1.0% dietary GL group showed a higher value than the control, but did not present difference from 0.5% level. The reducing power decreased during storage as similar to previous antioxidant potential measurements. During the storage period, it was seen that the dietary supplementation of GL promotes antioxidant potential in thigh meat of broilers.
TBARS value was 0.44 in the control group at d 0 and represented 0.70 after 7 d of storage by lipid oxidation development. However, the TBARS value was lower in the thigh meat from broilers fed dietary GL than that form control; especially, 1.0% dietary GL showed the lowest value. The thigh meat from the broilers fed GL produced lower TBARS in spite of the higher content of LA in GL diet. The LA belongs to the PUFA family that has potential to generate several types of free radicals and can accelerate lipid oxidation (Jung et al., 2010) . GA in GL diet may also play a role of antioxidant. These results agreed with the other studies which showed that lipid oxidation of the meat from the chickens fed various PUFA levels with -tocopheryl acetate was inhibited due to the antioxidant activity of -tocopheryl acetate (Cortinas et al., 2005) . The results showed that dietary GL increased the antioxidant potential by increase of total phenolic content of thigh meat. These results agreed with previous study, which showed that antioxidant potential of breast meat from broiler was increased by dietary GA with LA (Jung et al., 2010) . In addition, other dietary phenolic source such as oregano, rosemary, sage essential oil, and grape pomace had significant antioxidative activities in lamb and broiler meat (Goñi et al., 2007; Simitzis et al., 2008) . Table 3 show the influence of dietary GL on fatty acid composition in the thigh meat of broilers. Previous studies have described how the fatty acid composition of chicken meat depends on the fatty acid profile of the feed (Cherian et al., 1996; Bou et al., 2004) . The palmitic acid (C16:0) was higher in the control group than in GL diet groups. The saturated fatty acid (SFA) content was lower in GL diet groups, and became lower in inverse proportion to the GL content. SFAs in poultry tissues rely upon their presence in the diet and their synthesis in the liver. The SFAs synthesis is inhibited in the liver more during digestion of unsaturated fats than saturated fats (Sim and Qi, 1995) . On the other hand, linoleic acid (LA, ) and docosahexaenoic acid (DHA, C 22:6n-3 ), PUFAs, were higher in GL diet groups. The high LA content in thigh meat from GL diet groups was associated with the levels of LA in diet. Zelenka et al. (2008) reported that LA contents of breast and leg meat from broilers fed linseed cultivar Lola with a high content of LA were increased in a concentration dependent manner. Also, dietary sunflower oil containing high LA increased LA deposition in broiler (Crespo and Esteve-Garcia, 2002) . The antioxidant could influence fatty acid content of meat by preventing oxidation of PUFAs (Jahan et al., 2005) . Therefore, the increased of antioxidant potential in thigh meat from GL diet groups may be related to high DHA content in thigh meat from GL diet groups. The PUFAs/SFAs ratio in the thigh meat from broilers was increased by 1.0% dietary GL supplementation. These results can be attractive to the consumers as high PUFAs/SFAs ratio has a positive health benefit for humans, mainly in protection against cardiovascular disease (Krauss et al., 2001 ). Table 4 shows the VBN content in the thighs meat of broilers that were fed dietary GL. The VBN content increased in proportion to the storage period not only in the control group but in dietary GL groups. The three groups did not show significant differences throughout the storage period. The VBN content has been considered as spoilage indicator, and is increased by proteolysis carried out by microorganisms and enzymes in meat (Kruk et al., 2011) . Thus, the supply of dietary GL may not be correlated with antibacterial activity in thigh meat. Jung et al. (2010) showed that the VBN content in the breast meat from the 
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Microbial analysis
Microbial population of the thigh meat was 3.95 log CFU/g initially, but increased in proportion to the storage period regardless of treatments (Table 5 ). In the thigh meat from broilers fed 0.5% dietary GL, the rate of increase decreased significantly from d 4, however, that fed 1.0% did not. In further storage, the difference was found at d 7. Further study in antimicrobial effect of dietary supplementation of GL is needed in this regard since GL diet consisted of LA and GA which are known to possess antimicrobial activity (Rodriguez-Vaquero et al., 2007) . Jung et al. (2010) investigated that the storage stability of breast meat in broilers that were fed mixture of GA and LA, and reported that microbial population significantly decreased from the d 4 when 1.0% was supplemented.
In conclusion, dietary GL at 1% level increased functionality of thigh meat by increase of WHC. The antioxidant potential of the thigh meat was improved by dietary GL. The dietary GL at 1% level may achieve high nutritional value of thigh meat of broilers by increase of essential fatty acid, LA, and DHA. Therefore, the dietary GL at 1% level can improve the quality of thigh meat from broilers. 1 Standard errors of mean (n = 12). 2 n = 9. a-c Different letters within same row differ significantly (p<0.05). x-z Different letters within same column differ significantly (p<0.05).
